For over 3 decades, the rate of replacement mutations has been assumed to be equal to, and estimated from, the rate of ''strictly'' neutral sequence divergence in noncoding regions and in silent-codon positions where mutations do not alter the amino acid encoded. This assumption is fundamental to estimating the fraction of harmful protein mutations and to identifying adaptive evolution at individual codons and proteins. We show that the assumption is not justifiable because a much larger fraction of codon positions is involved in hypermutable CpG dinucleotides as compared with the introns, leading to a higher expected replacement mutation rate per site in a vast majority of the genes. Consideration of this difference reveals a higher intensity of purifying natural selection than previously inferred in human genes. We also show that a much smaller number of genes are expected to be evolving with positive selection than that predicted using sequence divergence at intron and silent positions in the human genome. These patterns indicate the need for using new approaches for estimating rates of amino acid-altering mutations in order to find positively selected genes and codons in genomes that contain hypermutable CpG's.
Introduction
Following the lead of Kimura (1977) , biologists have routinely assumed that non-synonymous (replacement) Ômuta-tionsÕ in codons occur at the same rate as silent mutations in molecular evolutionary analyses (Miyata and Yasunaga 1980; Nei and Kumar 2000; Bustamante et al. 2005; Nielsen et al. 2005 ). This assumption is made because replacement mutation rates often cannot be measured experimentally due to technical limitations or by comparative sequence analysis because natural selection prevents the fixation of a majority of replacement mutations between species. The equality assumption is at the heart of most widely used methods aimed at testing for selection on genes, identifying codons with adaptive evolutionary changes, estimating the number of deleterious mutations, and even finding coding regions in genomic sequences (Nei and Kumar 2000; Yang and Bielawski 2000; Nekrutenko et al. 2003; Yampolsky et al. 2005) . Recently, the comparison of the chimpanzee genome with the human genome has established that there has been extensive selection against suboptimal synonymous codons in the human genome (Hellmann et al. 2003; Urrutia and Hurst 2003; Chamary and Hurst 2005; Lu and Wu 2005; Mikkelsen et al. 2005; Parmley et al. 2006) . This fact has prompted the use of sequence divergence in introns and intergenic regions (excluding the regulatory) for establishing mutation rates at replacement positions in codons (Hellmann et al. 2003; Lu and Wu 2005; Mikkelsen et al. 2005; Parmley et al. 2006) .
Should the actual mutation rate at replacement positions (called intrinsic mutation rate) be expected to be the same as the mutation rate inferred from sequence divergence at silent sites and in noncoding regions (called extrinsic mutation rate)? The context dependence of mutation rates suggests that it is unlikely. For example, positions involved in CpG dinucleotides are known to be hypermutable when methylated and are estimated to accumulate divergence at 5-20 times higher rate than other positions (Krawczak et al. 1998; Bird 1999; Hellmann et al. 2003; Subramanian and Kumar 2003) . This higher mutation rate accounts for 25-50% of the interspecific variation between human and chimpanzee (Subramanian and Kumar 2003; Mikkelsen et al. 2005) , single-nucleotide polymorphism diversity (Halushka et al. 1999) , and replacement mutations associated with human diseases. Although this context dependence has been known for over 2 decades, severity of its effect on the disturbance of the assumed equality of mutation rates in different codon positions, introns, and intergenic regions remains to be seriously examined, particularly on the tests of selection in molecular evolutionary analyses.
The proportion of replacement positions in the CpG configuration is a function of the frequency of the codons that contain C's and G's, which is highly correlated with the frequency of amino acids in a given protein. By contrast, the fraction of CpG positions in introns is determined by the mutation-decay balance in their genomic milieu (Hwang and Green 2004; Fryxell and Moon 2005) . These two fractions are rarely identical, as is evident from an analysis of all available functional human genes with at least one intron (10, 196 genes; fig 1a) . The distributions of the fraction of replacement and intronic positions involved in CpG dinucleotide configurations (CpG contents) are distinctly different in shapes and central tendencies. The CpG contents of replacement positions show a larger dispersion than introns, and the replacement positions of a vast majority of the genes have a higher CpG content compared with their introns. Over all genes, replacement positions are involved in CpG configurations 2 times more often than intron positions (P , 0.0001). This CpG content difference is statistically significant for 49% of the genes (Fisher's exact test; P , 0.05), with 92% of the proteins showing an excess of replacement positions involved in CpG dinucleotides as compared with the introns.
What effect does this larger proportion of hypermutable replacement positions have on the estimates of natural selection? This question can be examined by devising a formula that predicts the intrinsic mutational divergence per replacement position (M R ) by accounting for the elevated mutation rate in the CpG dinucleotide positions. It is given by
where f R is the fraction of replacement positions not involved in the CpG dinucleotides, l A and l B are the baseline mutation rates at non-CpG positions in species A and B, respectively, t is the time of species divergence, and k is the factor by which the per site CpG sequence divergence exceeds the baseline mutation rate. This equation can be further modified in such a way that the estimation of the expected replacement divergence between species (M R ) does not require the knowledge about the baseline mutation rates and the species divergence time (see Methods).
The fraction of replacement mutations eliminated by purifying selection is given by one minus the coefficient of selection (x), where x is equal to the observed replacement sequence divergence per site (D R ) divided by the expected number of replacement mutations per site (M R ). On the genomic scale, the average coefficient of selection (x I 5 D R /D I ) estimated using the sequence divergences at intron positions (D I ) as a proxy for replacement mutation rate is significantly higher than the estimates obtained by using the intrinsic replacement mutation rates (x R 5 D R / M R ) (0.24 and 0.20, respectively; P , 10 À20 ). Although the magnitude of the difference between the average estimates appears small (20%) on a genomic scale, the overestimation of the coefficient of selection (Dx) varies tremendously, with many genes showing .60% overestimation ( fig. 1b ). The coefficient of selection estimated using the intrinsic replacement mutation rate is higher for most of the human genes (94%) than that estimated using the extrinsic rate of their corresponding introns due to the greater fraction of replacement positions involved in CpG dinucleotides. The opposite pattern is true for a small fraction (;6%) of the genes, where x is underestimated.
Significant overestimation of the coefficient of selection (x S 5 D R /D S ) results when the sequence divergence in silent positions is used as a proxy for mutation rate at replacement sites (P , 10 À32 ). However, the combined effect of differences in the fraction of hypermutable sites in silent and replacement positions and the varying degrees of purifying selection on interspecies divergence in silent positions leads to an unpredictable relationship between the estimates of x based on intrinsic and extrinsic mutation rates. Still, the impact of using silent substitution rates on genes evolving with positive selection is striking when we examine genes for which x S . 1, which is traditionally used as an indicator of positive selection.
The use of x S predicts that amino acid substitutions in 608 genes are positively selected, as compared with the use of x R that identifies a much smaller number of genes (173). Only 102 genes are shared by the predictions based on intrinsic and extrinsic rates, and a large fraction of the genes (83%) predicted by the use of silent divergence may fall into false-positive category ( fig. 2a) . At the same time, x S is too conservative for many other genes, as it fails to detect tracks of positive selection in 41% of the genes (71 out of 173). An examination of the biological processes performed by the positively selected genes indicates that a greater proportion of the genes identified using intrinsic mutation rates at replacement positions are involved in immunity and signal transduction (table 1). The use of silent divergence fails to identify over 50% of these genes, but identifies a large number of genes including those performing functions such as DNA replication and metabolism. The latter are unlikely candidates for positive selection as they are often involved in the housekeeping. Although the use of (188), 0.12-0.13 (143), 0.13-0.14 (101), 0.14-0.15 (71), and .0.15 (198). The average x I and x R were computed for each category. The overestimations of x R plotted on the y axis were computed as (x I À x R )/x R 3 100. The error bars show the standard error of the mean. The relationship between the CpG content and the overestimation of x R is highly significant (R 2 5 0.99, P , 0.01).
2284 Subramanian and Kumar sequence divergence in introns predicts almost all the positively evolving genes that are identified by the intrinsic replacement mutation rate ( fig. 2b) , still 1 out of 3 predictions may be false positives. These false positives do not seem to be abundant in any specific functional category. Our results demonstrate the presence of significantly more purifying selection on coding regions than previously thought because the replacement mutation rate is much higher than the observed substitution rate in introns and silent positions. These results indicate that the numbers of adaptive replacement changes in the genome of species with hypermutable CpG contents (e.g., primates) have been previously overestimated because a higher mutation rate is now implicated in producing the same observed replacement divergence between species (human and chimpanzee in the current case). These results are concerned with the strength of selection on the entire polypeptide and do not dispute existence of adaptive evolution on one or a few codons, which may occur even in highly conserved housekeeping genes (Yang and Nielsen 2002) . In conclusion, however, it is clear that the estimates of mutation rates at replacement positions need to be based on the neighboring context of the replacement positions in analyses aimed at determining the proportion of replacement mutations eliminated by selection, predicting the fraction of disease-causing replacement mutations, and scanning the genome to find positively selected genes and codons.
Methods
Protein coding and intron sequences of the human genome (Build 34) were obtained from GenBank (ftp://ftp. ncbi.nih.gov/genomes/). Because we compared mutations in introns and silent positions, only the functional genes with at least one intron were included in the analysis, which resulted in 10,196 genes. CpG content of replacement positions of a gene was estimated as the number of 0-fold degenerate positions (i.e., positions in which any mutation changes the amino acid coded by the codon) that are involved in the CpG configuration divided by the total number of 0-fold degenerate positions in the gene. Similarly, the CpG content of intron is the proportion of intron positions involved in CpG dinucleotide configuration (Krawczak et al. 1998; Bird 1999; Hellmann et al. 2003; Subramanian and Kumar 2003) . The biological processes of human genes were obtained from Protein Analysis Through Evolutionary Relationships classification system (http://www.pantherdb. org/). Genes belonging to more than one biological process were included in multiple categories. For simplicity, we combined the biological processes that are known to be related and created 8 categories (table 1) . For instance, cell structure, motility, proliferation, and adhesion were grouped into one category called cellular process (table 1) . Similarly the biological processes such as DNA replication, repair, recombination, mRNA transcription, splicing, and premRNA processing were combined to form the replication/ transcription category.
The intrinsic mutability of the replacement positions is largely determined by the presence of CpG dinucleotides that mutate much faster than non-CpG nucleotides. Therefore, the mutation rate at replacement sites is the sum of the rates at CpG and at non-CpG positions. If f R is the fraction of non-CpG positions and l A and l B are the baseline mutation rates at non-CpG nucleotides in lineages A and B, then the expected mutational divergence per replacement site (M R ) between the species A and B is given by a Genes belonging to more than one biological process are included in multiple categories, so the column sums may not equal those in figure 2 . b False negative refers to genes showing x R . 1 by using intrinsic mutation rate from replacement positions, but missed when using intron or silent divergence (x I , 1 or x S , 1, respectively). c False positive refers to genes that are identified by using intron or silent divergence to be positively selected (x I . 1 or x S . 1, respectively), but not by the use of predicted mutation rate from replacement positions (x R , 1).
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where t is the time of species divergence, k is the ratio of CpG to non-CpG mutation rate, and f R is assumed to be equal in both the species compared (as the species considered are extremely closely related).
The equation (1) can be simplified as
The factor (l A 1 l B ) 3 t can actually be estimated from the sequence divergence observed in pairwise orthologous sequence comparison of intronic (or genomic noncoding) positions. If f I is the fraction of non-CpG positions in the introns, then the intronic sequence divergence per site (D I ) between the same 2 species is given by
Therefore, equation (2) can be modified as
Using equation (4), the expected mutational divergence at the replacement positions can be estimated without the knowledge of species divergence times as well as the baseline mutation rate in species A and B. For this purpose, we used the intronic sequence divergence (D I ) between human and chimpanzee for each gene as presented in Mikkelsen et al. (2005) . The use of intronic divergence from human and chimpanzee will also incorporate the effects of other determinants of instantaneous mutation rate, such as the recombination rate and region-specific G 1 C content (Hardison et al. 2003; Hellmann et al. 2005; Mikkelsen et al. 2005) . In these calculations, the CpG positions were, at an average, assumed to accumulate divergence at 10 times the rate at other positions (k 5 10) (Krawczak et al. 1998; Bird 1999; Hellmann et al. 2003; Subramanian and Kumar 2003) . It is well known that the CpG dinucleotides present in CpG islands are not hypermutable (as they are not methylated), and these islands extend to the first few exons (and introns) (Bird 1999; Rollins et al. 2006; Saxonov et al. 2006) . Therefore, the methylation status of the CpG dinucleotides is ambiguous in the genes containing CpG islands. For this reason, we identified the CpG islands following the method described by Duret and Galtier (2000) and excluded the genes that contain those islands from further analysis.
For the estimation of the coefficients of selection, 6,435 human genes that are devoid of CpG islands and have at least one intron and at least one observed replacement difference between human and chimpanzee were used. The replacement (D R ), silent (D S ), and intronic (D I ) sequence divergences between human and chimpanzee were obtained from the previous study conducted by chimpanzee sequencing and analysis consortium (Mikkelsen et al. 2005) . The coefficients of selection were estimated using the intron divergence (x I 5 D R /D I ), silent divergence (x S 5 D R /D S ), and replacement mutation rate (x R 5 D R /M R ).
